The mechanisms involved in the normal developmental regulation of globin gene expression, and the response to pharmacological agents that elevate fetal hemoglobin, may be expected to involve either changes in each cell or a selection process affecting subsets of differentiating erythroid cells. To study these mechanisms we have developed assays to measure mRNA levels in single erythroid cells. The assay involved the use of globin-specific probes, with no detectable cross-reactivity, in real-time, fluorescence-based quantitative PCR (Q-PCR). We had previously used this Q-PCR method to measure globin mRNA levels in cultures of primary erythroid cells demonstrating that drugs like hydroxyurea, 5-azacytidine and butyric acid each yielded increases in γ/( γ + β) mRNA ratios, with differential effects on β-globin levels. We have now extended this approach to measure globin mRNA levels in single K562 cells, a human erythroleukemic cell line, with and without 30 µM hemin treatment. Hemin exposure increases total hemoglobin levels by~9-fold and total α-, ε-and γ-globin mRNA levels by 1.5-2.3-fold. Single cell analyses showed initial wide distributions of each of the three individual globin mRNA levels with most cells having detectable but very low levels of each globin transcript. Hemin induction shifted the distributions to higher levels, with a tendency to residual left skewing as some cells remained with very low expression levels despite the effect of hemin in increasing expression in most of these low expressing cells. Thus transcriptional heterogeneity remains a crucial variable, even in this extensively used model of human erythroid biology, and clearly influences strongly the response to inducing agents. These methods may enable us to define better possible molecular and/or cellular models of globin gene modulation.
INTRODUCTION
The developmental (1) , as well as the pharmacological (2), regulation of globin gene expression have been the subject of considerable investigation. The ontogenetic changes in the expression of globin genes during development, from embryonic to fetal to adult types, have long been studied as a model of temporally-controlled gene regulation. Pharmacologic modulation of globin gene expression is the basis of therapeutic agents for the treatment of certain genetic diseases of hemoglobin such as thalassemias and sickle cell disease (3, 4) by increasing fetal hemoglobin (HbF, α 2 γ 2 ), which can replace the impaired adult hemoglobins. The precise molecular and cellular mechanism(s) involved in the pharmacologic modulation of γ-globin gene expression by clinically useful drugs, such as 5-azacytidine, hydroxyurea and butyric acid derivatives, are as yet unclear.
The mechanisms of these pharmacologic agents are expected to involve either a general molecular process in which all erythroid cells yield a response (transcriptional and/or translational) or a selective one in which only subsets of differentiating cells are selected by the agents as responders. The latter mechanism can either be stochastic or reflect pre-existing heterogeneity in the target erythroid cell populations. Distinguishing between these possible cellular mechanisms would be best addressed by an assay system capable of determining the level of globin gene(s) expressed in single erythroid cells. The limited quantities of nucleic acid material present in a single cell, however, places constraints on method(s) suitable for such analyses. The power of nucleic acid amplification methods (e.g. PCR) has previously been harnessed for methods with similarly limiting quantities of template material such as pre-implantation diagnosis from single cells for in vitro fertilization (5), cDNA library construction (6) , gene expression analysis in single live neurons (7) as well as for profiling gene expression in single precursor cells prior to hematopoietic lineage commitment (8, 9) . However, these previous investigations have been qualitative rather than quantitative in nature and were designed for the most part to demonstrate the presence or absence of specific mutations or markers.
Recently, we reported the use of a fluorescence-based, real-time quantitative PCR (Q-PCR) method in the analysis of globin gene expression in primary erythroid cells in culture (10) . The assay involves the inclusion of a dual fluorescently-labeled oligonucleotide probe within the PCR with the 5′ nuclease activity of Taq polymerase producing one active fluorophore for each new strand of cDNA synthesized during PCR (11) . With this method, quantitation is possible over a wide range of starting template concentrations since the fluorescence intensity is directly proportional to the quantity of amplified copies. Assay of very low copy number templates has been demonstrated with this procedure (12) and may be suitable for the purpose of assaying the levels of transcript present in single cells. The ability to accurately determine levels of messenger RNA expression of various genes in single cells should clarify the mechanism by which an enhancer increases the level of expression of a cloned transgene. Two models of enhancer action may be considered, one in which the rate of transcription for each cell in a population is increased in response to enhancer action versus one in which the transgene increases the number of expressing cells within that population (13, 14) . The end result in either case is an increase in gene expression for the cell population as a whole. In addition, similar 'all versus some' situations in which gene expression is affected by environmental conditions such as drug-induced changes in gene expression or commitment to differentiation should also be amenable to investigation using such techniques.
The K562 erythroleukemia cell line has previously been shown to be Philadelphia-chromosome-positive (15) and the expression of both embryonic [Hb Gower (α 2 ε 2 ) and Hb Portland (ζ 2 ε 2 )] and fetal (HbF) hemoglobins is markedly increased after exposure to hemin (16, 17) . This cell line, and its response to hemin and other globin gene inducers, has been used extensively as a model system for the investigation of human globin gene regulation for its relatively homogeneous characteristics and the reversibility of induction.
We report here the assay of α-, γ-and ε-globin levels in single K562 cells in response to 30 µM hemin induction. Single K562 cells were isolated by limiting dilution after 48 h exposure to hemin and transcript levels assayed; the results and their logarithmic transformation are presented, as are statistical analyses of these data. We find that the response to hemin is a variegated one and does not involve each and every cell; rather, cells at the lower end of the expression spectrum for each gene seem disproportionately affected by the induction process. This methodology is now being applied to the assay of changes in globin message expression in single primary human erythroid cells in response to clinically relevant drugs such as hydroxyurea. It is anticipated that results from such studies will enable us to define possible molecular and/or cellular models of pharmacologically-induced globin gene modulation.
MATERIALS AND METHODS

Cell culture
Erythroleukemic K562 cells were obtained from ATCC (Manassas, VA) and grown in RPMI 1640 culture medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin (Biofluids, Rockville, MD). Cultures were incubated at 37°C in an atmosphere of 5% CO 2 in air with extra humidity. Hemin was obtained from Sigma (St Louis, MO) and a 5 mM stock solution prepared as previously described (18) . Briefly, 32.5 mg bovine hemin was dissolved in 0.5 ml 1 M NaOH for 30 min, mixed with 0.5 ml of 0.5 M Tris base followed by 10 ml of 10% bovine serum albumin. The mixture was neutralized by addition of 0.5 ml of 1 M HCl, the pH verified and then filtered through a 0.45 µm filter. The solution was stored at 4°C for no more than 1 week before use. Hemin was added to K562 cultures at a final concentration of 30 µM after which they were returned to the incubator. Total RNA was extracted from~10 6 cells using the RNeasy mini kit (Qiagen, Santa Clarita, CA) and quantified by spectrophotometry. Single K562 cells were isolated by limiting dilution in serum-free medium to~1 cell/µl and dispensing 1 µl aliquots into individual wells of a 72-well Terasaki plate. Wells containing single cells were identified by visual inspection under an inverted microscope and processed for Q-PCR analysis.
TaqMan assay
Single cells suspended in 1 µl serum-free medium were lysed by addition of 4 µl lysis cocktail containing 1% Nonidet P-40 (Sigma), 6 mM dithiothreitol (DTT) and 2 U/µl RNasin (Promega, Madison, WI). The lysate was mixed by pipetting and transferred to a 0.2 ml reaction tube and 15 µl enzyme mix added. The enzyme mix consisted of 4 µl of 5× RT buffer, 2 µl 0.1 M DTT, 1 µl 10 mM dNTP mix, 0.5 µg oligo(dT) 24 and 200 U Superscript II (Life Technologies, Gaithersburg, MD) in DEPC H 2 O. The tubes were incubated at 42°C for 60 min followed by 10 min at 80°C to inactivate the enzyme.
Quantitative real-time PCR assay of transcripts was carried out using gene-specific double fluorescently-labeled probes in a 7700 Sequence Detector (PE Biosystems, Foster City, CA). All probes are designed to span exon junctions in the fully processed message in order to prevent reporting of amplification of any possible contaminating genomic DNA. All primers and probes were made using reagents from Glen Research (Chantilly, VA) on an ABI 394 synthesizer (PE Biosystems). 6-Carboxy fluorescein (FAM) was used as the 5′ fluorescent reporter while tetramethylrhodamine (TAMRA) was added to the 3′ end as quencher. Probe and primers used for quantitation of γ-globin have been previously reported (10) . In addition, the following primers and probes for α-and ε-globins were synthesized and used to quantify their respective message levels. α-globin forward primer: 5′-CTCTTCTGGTCCCCACAG-ACT-3′, α-globin reverse primer: 5′-GGCCTTGACGTTGGTC-TTG-3′, α-globin probe: 5′-FAM-ACCATG-GTGCTGTCTCCT-GCCGTAMRA-3′, ε-globin forward primer: 5′-CAAG-CCCG-CCTTTGCTAA-3′, ε-globin reverse primer: 5′-TTGCCAAAGT-GAGTAGCCAGAA-3′, ε-globin probe: 5′-FAMACTTCAACT-CCTGGGTAACGTGATGGTGATTATTAMRA-3′. Double fluorescently-labeled probes were HPLC purified on a 250 × 10 mm Biovantage C8 reverse phase column (Thomson, Chantilly, VA) using a 10-35% acetonitrile gradient in 0.1 M triethylamine acetate pH 7 with the detector set to monitor column eluate at 260, 494 and 565 nm. Products were lyophilized and characterized by absorption spectroscopy as well as DNase I treatment to confirm a ≥2-fold increase in fluorescence. All oligonucleotide primers and probes were quantitated by absorbance at 260 nm. Specific transcripts within cDNA reaction products were quantitated in a reaction mix consisting of 10 mM Tris pH 8.3, 50 mM KCl, 3 mM MgCl 2 , 200 µM dNTP (dTTP replaced with dUTP at 400 µM), 0.01 U/µl uracil DNA glycosylase (Roche Molecular) and 0.025 U/µl Platinum Taq polymerase (Life Technologies Inc). Standard curves were constructed using dilutions of an accurately determined plasmid containing the cDNA of interest as template. A dynamic range of five log-orders of concentration or greater was routinely achieved for each transcript of interest.
Hemoglobin spectroscopy
Cells were pelleted from the culture medium by centrifugation, washed in DPBS then suspended and lysed in sterile distilled water at 0°C for 15 min. After pelleting the debris for 10 min at 4°C (10 000 g), the supernatant was collected and absorption spectra from 300 to 600 nm acquired using a Hewlett Packard 8452 diode array spectrophotometer. Protein concentration was determined using bicinchoninic acid reagent (absorbance read at 562 nm) with a bovine serum albumin standard (Pierce, Rockford, IL). The change in absorbance at 413 nm (wavelength of maximum absorption) for each lysate was normalized to the protein concentration yielding a specific measure of hemoglobin content.
Statistical analyses
All statistical analyses were performed using GraphPad Prism version 3 (GraphPad Software, San Diego, CA) except for skew values, which were calculated with StatView version 4 and the significance levels for skewness with Mathematica version 4. Log transformed absolute expression levels for single cells were tested for deviation from normality using the Dallal and Wilkinson implementation of Lilliefors' test (19) .
RESULTS AND DISCUSSION
The change in the level of hemoglobin in K562 cells cultured with or without 30 µM hemin for 48 h is shown in Figure 1 . After normalizing for total protein content there was an 8.7-fold increase in hemoglobin content of treated K562 cells as reflected in the change in absorbance at 413 nm/mg protein content (∆A 413 /mg total protein). Increased levels of mRNA for all three (α-, γ-and ε-) globins assayed were also found in total RNA from hemin-treated cells (Table 1 ). In comparison with the increase observed for hemoglobin (protein) levels, more modest increases were observed for the mRNA levels (1.5-2.3-fold). These findings are in agreement with earlier findings regarding induction of globin gene expression by hemin in K562 cells (16, 20) . It is evident however that such assays yield very little information about the breadth of individual cellular responses to hemin induction. Indeed, whether the observed increases are the result of a uniform cellular response or that of a subset of cells to hemin induction is not known.
To test these alternatives, we measured mRNA levels in each of 46 K562 cells with and without hemin induction. Figures 2-5 present these data showing responses in single K562 cells for levels of α-, γ-and ε-globin genes, respectively. Figure 2 shows the untransformed data while in Figures 3-5 the data are presented after logarithmic transformation in order to minimize deviations in the distributions of results from normality. The results of t-tests as well as F-tests are reported at 95% confidence intervals for the transformed data to compare differences in means and variances, respectively.
The untransformed data presented in Figure 2 summarize changes at the single-cell level for α-, γ-and ε-globin transcripts in single K562 cells treated with hemin. The mean transcript levels for both the control and hemin-treated cells were in the order γ > α > ε, an analogous order of abundance is apparent in the cDNAs from total RNA isolated from~10 6 cells ( Table 1 ). The mean message levels for all three globin transcripts in single cells were increased after treatment and are summarized in Table 1 . Control cells had mean transcript levels (expressed in attomoles, 10 -18 mol) of 1.4 ± 1.6 amol/cell γ-globin, 0.017 ± 0.021 amol/cell α-globin and 0.0015 ± 0.0025 amol/cell ε-globin which increased to 3.7 ± 2.4 amol/cell γ-globin, 0.052 ± 0.058 amol/cell α-globin and 0.0062 ± 0.0046 amol/cell ε-globin, respectively (mean ± standard deviation). Translated to copy number, these levels correspond to 900 (ε-globin), 10 4 (α-globin) and 8.4 × 10 5 (γ-globin) copies per cell for controls versus 3.7 × 10 3 (ε-globin), 3.1 × 10 4 (α-globin) and 2.2 × 10 6 (γ-globin) copies per cell after hemin treatment. Interestingly, the data reveal considerable diversity in the values of each transcript both in the control and treated cell populations. It will be noted that hemin induction increases the percentage of cells expressing larger amounts of each globin message but that a significant number of cells always remain at very low values; that is, a sub-population of K562 cells exhibit considerable resistance to hemin-mediated induction of globin gene expression. These very low values are higher than zero, as shown by the zero values obtained when no cells are added to the reaction mixture (data not shown). Also, as with values for globin message/µg of total RNA (Table 1 ) γ-globin is by far the predominant globin mRNA species present, with an appreciable α/non-α transcript imbalance (although we do not have data for ζ and δ). Previous reports based on isoelectric focusing and cellulose acetate electrophoresis have also indicated considerable α/non-α hemoglobin chain imbalance in K562 cells, analogous to that observed for the mRNA levels in the present study (21) .
The Dallal and Wilkinson implementation of Lilliefors' test (19) for deviation from (Gaussian) normality shows that for each message, the control population is probably not representative of a normal distribution, emphasizing the necessity for transformations which could normalize or render the data symmetrical for statistical analyses. The upper panel in Figure 3 shows the result of a log transformation of individual α-globin levels in both control and hemin-treated cells, while the resulting frequency distribution histogram is shown in the lower panel. The initial symmetric distribution becomes skewed to the left (lower values) after induction, suggesting that the effect of hemin is not uniform on each cell, i.e. some cells appear to be non-responders. The P values from t-and F-tests reveal significant differences both in the means and variances between control and hemin-treated cells (Table 2) . Similar results are obtained for the means and variances of the logtransformed γ-globin levels (Fig. 4) . Again, the initial symmetry is replaced by a left-skewing after induction. In the case of similarly transformed ε-globin levels (Fig. 5) , the same changes in skewing are apparent but the residual left skewing is greatest and most apparent; the means but not the variances were found to be significantly different. The values for skewing are reported in Table 2 .
Thus in all three instances the frequency distribution histograms of the transformed data indicate a significant right shift to higher levels of expression in the case of hemin-treated cells, but with continued heterogeneity and strong residual skewing indicating the existence of poorly responding cells. This method of presenting the data shows more strikingly than in Figure 2 that the hemin effect to increase globin mRNA expression leaves significant numbers of cells with very low levels of mRNA. In general, the data presented above on log distributions of single genes appear similar to distributions of logs of calculated copies per cell for very large numbers of genes (6000-40 000) reported in previous studies using bulk cultures, tissues or organisms (e.g. yeast) (22) . In addition, in these studies it has been shown that relatively few (0.1-2%) of the monitored genes show changes in expression levels in response to biochemical or genetic perturbations greater thañ 2-fold (22, 23) . These changes are comparable to those that we find in even the highly expressed, differentiated globin gene program.
With respect to molecular mechanisms, the very low globin transcript levels in individual K562 cells may be an analog of the general phenomenon of 'illegitimate' transcription (24, 25) or, more specifically, may represent the recently recognized process of intergenic transcription within the globin cluster of erythroid cells (26, 27) . In either case, however, what is striking is the heterogeneity of the cells for all three globin genes and that this heterogeneity remains after induction, suggesting either that cell selection is a paramount phenomenon in this variation or that effects of hemin on transcription mechanisms cannot overcome variations due to cell heterogeneity. One possible cause of the diversity of expression levels is that although K562 cells represent a remarkably uniform population, they may be heterogeneous from individual cells being assayed at different stages of the cell cycle. Further, there have been suggestions that subclones of K562 cells with somewhat different hemoglobin phenotypes could be isolated (21, 28) .
The present results do not distinguish between cell selection and molecular genetic mechanisms for hemin induction. In either case, however, it is clear that the induction process is superimposed on pre-existing heterogeneity of globin gene transcription. Multiple assays on single cells during the course of induction might help to resolve this conundrum.
The similarity in the changes in the distribution of mRNA expression levels of all three globin genes, despite the fact that they are found on two different chromosomes, suggests a similarity in the mechanism of hemin action for all three genes. Previous reports using Friend erythroleukemia cells have established that hemin-induced modulation of globin gene expression occurs both at the pretranslational and translational levels (29) (30) (31) . Similar results have been reported with K562 cells (32, 33) .
The clinical treatment of disorders such as sickle cell anemia with drugs that increase HbF expression, such as hydroxyurea, is effective only in a subset of patients and the cellular mechanism(s) involved in this increase are as yet unclear. The development of in vitro models of hydroxyurea-mediated increases in HbF in human erythroid cells (10) makes it possible to apply quantitative assays of globin gene expression to single primary erythroid cells in culture, although clearly these will be more complex as there is already clear heterogeneity in these cells, even when fully-purified, and the induction process may well be irreversible. Efforts are currently underway to characterize the hydroxyurea-induced increase in γ-globin transcript levels in single primary erythroid cells in culture.
Previous use of PCR in characterizing nucleic acid templates from single cells has been limited for the most part to genotyping single cells prior to zygote implantation for in vitro fertilization (5) or amplification of total transcript content for detection of specific sequences by labeled probes after blotting (8, 9) . In such applications, precise quantitation of template from single cells is either unnecessary or not feasible because ensuring uniform, unbiased amplification of all sequences is difficult due to the inherent variability in transcript length and complexity. The implementation of precise single-cell quantitation presents an opportunity for the investigation of the behavior of an ensemble of cells in response to pharmacologic or environmental manipulation. In so doing it is possible to determine whether all cells respond to the applied stimulus or only a subset of cells is involved.
This approach may also be expected to increase our understanding of mechanisms of control of gene expression by cisacting enhancer/control elements which are now widely used in transgenic and transfection experiments. Two models of the mode of action of such elements currently predominate in the literature: one in which the enhancer acts to increase the rate of transcription of a linked gene in all cells (34, 35) and the other which postulates that enhancers act to increase the probability that a linked gene will establish and maintain transcriptional activity (13, 14) . In order to distinguish between these models of possible modes of action, quantitative analysis of gene expression in single cells will be required.
